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FOREWORD 


’Hiis  final  report  covers  the  period  1 April  1976  through  1 June  1978  and  describes  work 
conducted  under  Contract  F33615-76-C-5155,  an  Air  Force  Materials  Laboratory  Program  to 
study  the  cyclic  hot  salt  stress  corrosion  (HSSC)  behavior  of  a titanium  alloy, 
Ti-6Al-2Sn-4&-2Mo.  Thermal-mechanical  cyclic  testing  of  salt-exposed  bolthole  specimens  was 
carried  out  under  conditions  of  temperature  and  stress  which  simulated  the  service  environment 
of  a typical  gas  turbine  engine  high-pressure  compressor  disk.  The  investigation  and  evaluation 
were  accomplished  in  three  broad  areas; 

1.  The  effects  of  various  simulated  components  of  a disk  flight-cycle  (i.e.,  idle, 
takeoff,  cruise,  and  shutdown)  on  cyclic  HSSC  behavior  were  investigated. 

Eight  different  thermal-mechanical  cycle  configurations  were  characterized 
by  crack  initiation  life  at  a 950°F  simulated  takeoff  temperature. 
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2.  The  effect  of  varying  simulated  takeoff  temperature  was  investigated  using  a 
single  mission  cycle  configuration.  Temperatures  of  800,  950,  and  llOO'F 
were  evaluated. 

3.  The  effect  of  varying  microstructures  on  cyclic  HSSC  was  investigated.  Both 
beta  processed  and  alpha-beta  processed  materials  were  evaluated. 

The  program  was  conducted  using  the  Program  Manager-Project  Group  System  by  the 
Pratt  & Whitney  Aircraft  Group,  Government  Products  Division  (P&WA/Florida),  Materials  and 
'Mechanics  Technology  Laboratory,  under  the  cognizance  of  Capt.  T.  L.  Bartel,  AFML/LLS. 
R.  L.  Fowler,  Mechanics  of  Materials  Supervisor,  was  the  P&WA  Program  Manager.  A.  J. 
Luzietti,  Fatigue  Group,  was  the  responsible  Engineer.  Mr.  Fowler  reports  to  Mr.  M.  C. 
VanWanderham,  General  Supervisor,  Mechanics  of  Materials  and  Structures. 
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completion  of  this  contract. 
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SECTION  I 


INTRODUCTION 


The  program  consisted  of  a 26-month  two-phase  technical  effort  to  define  the  HSSC 
behavior  of  Ti-€AI-2Sn-4Zr-2Mo  (Ti  6-2-4-2)  alloy  under  conditions  of  cyclic  temperature  and 
stress  which  are  relevant  to  a gas  turbine  engine  compressor  disk  service  environment.  The 
objective  of  the  program  was  to  develop  a laboratory  test  which  would  confirm  what  had  become 
apparent  from  engine  experience,  i.e.,  under  current  engine  operating  conditions  HSSC  does  not 
develop  although  it  could  be  predicted  by  current  titanium  HSSC  curves  based  on  static  loading 
conditions.  It  is  anticipated  that  these  data  will  provide  a stepping  stone  to  the  development  of 
a prediction  system  for  cyclic  HSSC  behavior  in  titanium  high-pressure  compressor  and  low- 
pressure  turbine  disk  applications. 

During  Phase  1,  the  effects  of  various  simulated  components  of  a disk  flight-cycle  (i.e.,  idle, 
takeoff,  cruise,  and  shutdown)  on  cyclic  HSSC  behavior  were  investigated.  Testing  was  confined 
to  beta  processed  Ti-6-2-4-2  at  a 950°F  simulated  takeoff  temperature.  Phase  I test  results 
provided  the  basis  for  selection  of  the  cycle  for  Phase  II  testing,  incorporating  those  portions  of  a 
disk  flight-cycle  which  influence  HSSC  behavior. 

Phase  II  testing  was  performed  on  both  beta  and  alpha-beta  materials  to  establish  the  effect 
of  varying  microstructure  and  takeoff  temperature  on  cyclic  HSSC  behavior.  Beta  material  was 
tested  at  800  and  llOO^F  takeoff  temperatures  and  alpha-beta  material  was  investigated  at  8(K) 
and  950°  F. 

Due  to  the  large  number  of  mission-cycles  investigated,  it  was  impossible  to  statistically 
substantiate  each  S-N  curve  within  the  time  and  total  number  of  specimens  defined  for  this 
contract.  However,  enough  data  points  were  generated  to  draw  firm  conclusions  concerning  the 
effects  on  HSSC  behavior  of  the  various  parameters  investigated. 
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SECTION  11 


BACKGROUND 

Both  alloy  developments  and  priH-ess  developments  on  hIIon-s  such  as  Ti-8Al-lV-lMo  and 
Ti-6Al-2Sn-4Zr-2Mo  have  been  successful  in  continually  upgrading  the  creep  capability  of  these 
materials  over  the  past  decade.  New  engine  mtKlels  have  taken  full  advantage  of  the  higher  creep 
strength  improvements  by  utilizing  titanium  materials  to  replace  nickel-base  superalloys  in  the 
high-pressure  compressor.  The  results  have  significantly  impacted  engine  technology  by  reducing 
aimpressor  rotor  weights  and  allowing  a cost  effective  replacement  of  nickel-base  su|)eralloy 
materials.  Advanced  engine  designs  may  stxm.  for  the  first  time,  incorporate  an  all  titanium 
compressor  rotor,  and  applications  in  the  low-pressure  turbine  .stages  may  l>e  within  reach. 
Numerous  investigators  (Reference  1)  have  demonstrated  that,  under  certain  conditions  of 
temfierature.  stress,  and  exposure  to  halide  salts,  titanium  alloys  are  susceptible  to  embrittle- 
ment and  premature  cracking.  This  phenomenon  has  been  called  hot  salt  stress  corrosion  (HSS(') 
and  is  of  particular  interest  to  the  gas  turbine  engine  designer  because  the  conditions  required  to 
cause  HSSC  seem  to  be  fulfilled  by  titanium  compressor  lomponents  of  current  engines 
(References  2 and  3). 

Although  there  have  been  instances  of  HSSC  in  titanium  during  alloy  proces.sing 
developments  and  during  engine  test  stand  operation  (Reference  4).  there  have  lieen  no 
diKumented  component  serv’ice  failures  attributable  to  this  phenomenon. 

Other  investigations  into  the  nature  of  HSSC  of  titanium  allow  have  usually  involved 
elevated  temperature  monotonic  loading  of  a salt  exixised  rupture  tyjie  s(iecimen  at  various  stress 
levels  for  approximately  1(X)  hr.  Test  temperatures  have  varied  from  fi(X>  to  UKKl'K.  Alter  the 
static  loading  periixl.  the  specimens  were  examined  for  stress  corrosion  cracking  and  usually 
subjected  to  an  ambient  temperature  tensile  test  to  determine  residual  ductility.  Thus,  each  set 
1^  test  conditions  was  judged  either  to  cause  or  not  to  cause  HSSC  or  embrittlement.  For  a given 
temperature,  the  stress  below  which  HSSC  did  not  occur  was  established  and  was  designated  the 
HSSC  threshold  stress.  Thus,  curves  for  UX)-hr  exposure  threshold  stress  have  l>een  establishwf 
for  miwt  titanium  compressor  component  alloys. 

H.  R.  Gray  (Reference  ft)  has  demonstrated  that  ex(>osure  with  simultaneous  cycling  of  both 
temperature  and  stress  results  in  reduced  susceptibility  to  HSSC  compared  to  that  caused  by 
isothermal,  monotonic  loading  expiisure.  Thus,  it  can  be  inferred  that  (light  variables  could  act 
synergist ically  to  prevent  or  ameliorate  HSSC  cracking.  This  conclusion  was  confirmed  at  l'&\\  A 
Commercial  Pnxlucts  Division  (Reference  6)  where  testing  incorjxirating  a simulated  compres.sor 
disk  notch  feature,  a ' olthole  specimen,  was  accomplished  under  static  loading  conditions,  cyclic 
temperature/constant  stress,  isothermal/cyclic  stress,  and  simultaneous  cyclic  tenqierature  and 
stress. 

Rased  on  these  backgnnmd  data,  this  test  program  was  initiated  to  study  HSSC  under 
conditions  more  closely  simulating  actual  flight  engine  loading  cycles.  It  was  anticipated  that  the 
results  would  pnwide  insight  into  reasons  for  the  discreiiancy  between  lalxiratory  predictions  of 
HSSC  iwcurrence  and  actual  engine  exjierience. 
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SECTION  III 


MATERIALS 


Four  Ti-6-2-4-‘J  disk  for|{in|^  (FUKl  turbine  plates,  P/N  ISZ  4tM2Tir>)  were  pna-ured  to 
supply  material  tor  l>eta  pnH'essed  Phases  I and  II  test  specimens.  1'he  disks  (Figure  1)  were 
isothermally  lieta  forKed  from  9-in,  diameter  multiples  at  Td  * .'i(1'’F  in  the  Ijulish  Co.  vacuum 
(t.ATORIZINd*  rin  on  existing  molyl)demim  tooling.  In  the  isothermal  process,  the  die  sets  and 
the  forKint!  multiple  ait*  preheated  to  the  desired  forging  temfH'rature  and  forced  in  a single 
i>|H'ration  .After  forginjj.  the  disks  are  solution  treated  at  ITtKf’F  (1  hr)  A('  and  a^jed  at  ll(H)"F 
tS  hr)  .AC' 

.A  half  forKin^t.  P/N  2F  744107,  heat  code  LZUN-2(X);i.  was  obtained  from  a prtKluclion  run 
of  .ri’\)n  forKin^  ft<r  Phase  II  specimens.  This  disk./hub  was  all  alpha-lteta  processed  and  solution 
treated  and  ajjed  at  Td  25‘’F  (1  hr)  AC'  1UX>‘’F  (8  hr)  AC'  in  accordance  with  the  PWA  12(X) 
specification. 

BETA  PROCESSED  TI-6-2-4-2 

Mechanical  protx*rty  evaluation  of  the  subject  beta  proces.sed  disks  included  ro*>ni 
temtH'rature  (RT)  and  CXX^'F  tensile  tests,  nnun  temperature  notched  time  to  fracture  (RTN  I’F) 
tests,  and  creep  tests  at  10.M)®F/2ft  ksi. 

Test  sfiecirnens  were  machined  from  the  intejfral  test  rin>:  location  of  each  disk  and  tested 
by  the  forttinc  vendor  while  additional  specimens  were  machined  from  the  oviter  jH'riphery  (rim) 
of  each  of  the  disks  and  tested  at  P&WA.  While  a formal  P&WA  s[H>cification  for  all  beta 
pnK'es!«ed  Ti-6-2-4-2  has  not  been  established,  the  following  tentative  levels  are  beins  considered: 

RT  Tensile:  180  ksi  ITS.  120  ksi  YS.  8<'.  Kl.  1.S‘',  liA 

IXXl'F  Tensile:  IX)  ksi  ITS.  70  ksi  YS,  UV.  El.  20'-,  RA 
RTNTF:  170  ksi/5  hr/No  failure 

C'r»>ep:  hr  minimum  to0.1‘'<,  plastic  deformation  at  10.'S0''F/2.'i  ksi. 

These  pn'tH’rties  wt>re  us»'d  as  criteria  to  which  the  subject  disks  were  compart'd. 

The  RT  tensile  projierties  of  the  l>eta  prwessed  material  generally  exceeded  the  minimum 
pnipt'sed  retjuirements  of  beta  privessed  Ti-(v2-4-2  presented  alaive.  Ultimate  tensile  strengt  h for 
all  sjiecimens  rantted  from  140  to  145  ksi  while  0.2‘'i  yield  strengths  were  120.5  to  128  ksi.  The 
t>ercent  elongatiim  and  reduction  of  area  ranges  were  fmm  8.5  to  14‘'i  and  12.2  to  28.0''i. 
resfiectively.  Twt)  values  below  the  15‘'r  minimum  reduction  of  area  wert'  recorded.  At  9(X)‘'F.  all 
pmpoaed  sjiecification  protH'rties  were  met  with  the  exception  of  two  integral  test  ring  s{)ecimens 
which  were  about  1 ksi  below  the  yield  strength  requirement.  The  OlXl'P  ultimate  tensile  strength. 
0.2'r  yield  strength.  |>ercent  elongation,  and  t^rcent  reduction  of  area  values  were  91.1  to 
101.4  ksi.  09.2  ti>  77.1  ksi.  18.0  to  16.7‘'i.  and  27.4  to  4.5‘i,  resix'ctively.  All  data  art'  shown  in 
Table  1. 

Notched  rupture  sitecimens  (K,  =-8.8)  from  the  beta  material  were  loaded  at  170  ksi  and  run 
for  5 hr  minimum.  No  failures  occurred.  Integral  test  ring  specimens  were  discontinued  at  this 
pttint ; however,  sjtecimens  machined  frtmi  rim  Iwations  wert'  uploaded  10  ksi  every  5 hr  to  failure. 
Rupture  Utada  were  190  to  2(X1  ksi  for  the  siiecimens  fnmt  each  of  the  disks.  All  data  are  shown  on 
Table  2. 
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TABLE  1.  TENSILE  PROPERTIES  OF  ISOTHERM  ALLY  BETA  FORGED 
AND  SOLUTION  TREATED  AND  AGED  Ti-6Al-2Sn-4Zr-2Mo 
ALLOY  DISK  FORGINGS' 


Disk 

S-N 

Specimen 

No. 

Specimen 

Location 

Temperature 

rF) 

0.2%  YS 
(kai) 

UTS 

(kai) 

FI 

(%)  • 

HA 

(%) 

1 

112-1 

Int  Teat  Ring 

RT 

124.9 

144.0 

14.0 

22.0 

1-20 

Rim  Tangential 

RT 

120.5 

141.4 

12.2 

16.3 

2 

11  -2 

Int  Teat  Ring 

RT 

122.9 

140.3 

10.0 

23.0 

2-.S 

Rim  Tangential 

RT 

124.5 

141.2 

8.5 

22.4 

3 

112-3 

Int  Teat  Ring 

RT 

127.5 

145.4 

9.0 

22.0 

3-16 

Rim  Tangential 

RT 

126.6 

144.7 

10.4 

13.5 

4 

112-4 

Int  Teat  Ring 

RT 

124.4 

142.4 

9.0 

20.0 

4-20 

Rim  Tangential 

RT 

127.7 

145.1 

11.8 

12.2 

1 

212-' 

Int  Teat  Ring 

9tX) 

69.2 

93.0 

16.0 

41.0 

1-19 

Rim  Tangential 

900 

76.0 

97.7 

16.0 

38.9 

212-2 

Int  Teat  Ring 

900 

70.1 

91.1 

13.0 

41.0 

2-15 

Rim  Tangential 

900 

76.2 

100.0 

14.9 

35.6 

3 

212-3 

Int  Teat  Ring 

900 

71.8 

94.2 

15.0 

45.0 

3-15 

Rim  Tangential 

900 

77.1 

101.4 

13.7 

27.4 

4 

212-4 

Int  Teat  Ring 

900 

69.8 

93.4 

15.0 

42.0 

4 10 

Rim  Tangential 

9(K) 

73.5 

96.7 

16.7 

31.4 

‘Heat  Treatment  = 

1790“?  (1)  AC  + 1100°F  (8)  AC. 

TABLE  2.  ROOM  TEMPERATURE  NOTCHED  STRESS  RUPTURE 
(K,=3.8)  PROPERTIES  OF  ISOTHERMALLY  BETA 
FORGED  AND  SOLUTION  TREATED  AND  AGED 
Ti  6Al-2Sn-4Zr-2Mo  ALLOY  DISK  FORGINGS' 


Disk 

S-N 

Specimen 

No. 

Specimen 

Ijocation 

Initial 

Stresa 

Final 

Stress 

Time 

'lir) 

Remarks 

I 

512-1 

Int  Teat  Ring 

170 

170 

5 

DiHCGntinvied 

1-21 

Rim  Tangential 

170 

190’ 

10.2 

Ruptured 

2 

5122 

Int  Teat  Ring 

170 

170 

5 

Oiscontinued 

2-17 

Rim  Tangential 

170 

2(K)’ 

15.2 

Ruptured 

3 

512-3 

Int  Teat  Ring 

170 

170 

5 

Oiacemtinued 

3-17 

Rim  Tangential 

170 

20(8 

15.4 

Hiipt  urpd 

4 

512-4 

Int  Teat  Ring 

170 

170 

5 

Diacontinued 

4-21 

Rim  Tangential 

170 

lOO* 

10.7 

Ruptured 

'Heat  Treatment  = 

nOO-KdlAC  f lUXl'K  (8)  A( 

’Increased  10  kai  every  5 hr. 

All  beta  processed  specimens  except  one  from  the  rim  location  of  disk  S/N  1 met  the  creep 
requirement  of  35  hr  to  0.1'??'  plastic  deformation  at  1050°F/25  ksi.  The  specimen  in  question 
exhibited  a O-Ff  life  of  25  hr.  An  additional  specimen  from  this  disk  was  retested  at  105()°F/25  ksi 
and  exhibited  a life  of  57.9  hr.  Creep  lives  of  the  remaining;  specimens  ranged  from  35  to  88 
hr  to  0.1%  elongation.  Results  of  creep  testing  are  presented  in  Table  3. 
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TABLE  3.  CREEP  PROPERTIES  OK  ISOTHERMAL 
LY  BETA  KOROEO  AND  SOLimON 
TREATEO  AND  AC.EI)  Ti  »$Al  2Sn-4Zr  2Mo 
ALLOY  DISK  FOROINILS* 


IV»r  Ciiniiitien 

Creep  time 
(hr) 

lh»k  Sfwitmrn  Vrinfitraturr 

SS  Sit  (“f'l 

NfrfM 
( km ) 

0 

(12’, 

t 712  1 

KHMI 

2(1 

IXI 

IN! 

1 17 

IIIMI 

2^ 

•2ft 

no 

2 712  2 

ItWvU 

2^ 

(12 

i:i2 

2 i;i 

IIINI 

2.^ 

ft4 

i:i,i 

:i  712  ;i 

lUMI 

2^ 

as 

Ift4 

:i  i;i 

IIIAO 

2ft 

42 

1*1 

4 712  4 

llWSI 

2ft 

HI 

I2(i 

4 17 

lONI 

2ft 

;ift 

lift 

’tti-sl  rreslmi’nl  - ITlXV'K 
•t<*‘li’«l  KS'r  **  111  •"  *'  '' ' 

111  Al'  1 

IIUI-K  ISI  Al’ 

MctnIloKrHphir  oxmnitiHtion  ot  srlwlod  N|)«*oin>«'iw  I'rom  Mu*  lour  iM'tn  disks 

n*voHl»*;i  H mii'nwtnu'tvin'  of  lu'iculnr  iilphn  plnloU'fs  nrrny»'d  ii\  oolooios  with  soino  outliiiioK  t>f 
prior  l^tH  (jraiit  houndnrios  hy  nlphtt  (Kittlin'  l!),  Tho  miorostriu'liiros  art’  lypiftil  of  iJiosi'  ol  ht'iii 
priHt'sst'd  Ti  tv'2-4-'J  alloy  in  tlu'  solution  trt'ati'd  anil  ani'il  condition. 

ALPHA-BETA  PROCESSED  MATERIAL  (PWA  1209) 

Mt'ohanii'al  pro|ierty  evaluation  hy  t lie  material  vendor  of  t he  suhieot  al|tha  heta  processed 
disk  ineluded  RT  and  tHHCK  tensile  tests,  RTNTK  tests,  and  iree|>  tests  at  it.^(t■'K3.^  ksi  l’\\'.'\ 
t‘20t>  s|H'i’ifii'.'  Mon  meehanival  projM'rties  reuuireinents  are  listed  below: 

HT  T'ensile:  130  ksi  UTS.  120  ksi  YS.  10' , Kl.  20' . BA 

tltkl'K  T'ensile:  W ksi  UTS.  70  ksi  YS.  l.V'.  Kl.  30'V  BA 
BTNTK;  170  ksi/ft  hr/'No  failure 

Cn’i'p:  35  hr  niinimuin  to  tt.l'i  plastie  deformation  i.t  !t,'t0"K  3.S  ksi 

All  tensile  projM'rties  at  both  B’l'  and  lHHi"K  met  or  exeeeded  the  P'N  .-V  I20it  s|s’eitieation 
reipiirements.  T’he  BT  ultimate  tensile  and  0.2',  yielil  strength  rauKt's  were  l »l>  to  1.V2  ksi  and  131 
to  1.30  ksi,  res|)eetively.  The  BT  (M’reent  elongation  and  reduetion  of  art'a  ranites  wen’  12  to  Itl’, 
and  20  to  37'  , . respeetively.  Values  for  the  ultimate  tensile  stn’ii^th,  0 2'  , yield  stn’iinth. 

IM'reent  elonnation.  and  la’reent  reduetion  of  area  were  00  to  lOfi  ksi.  70  to  SI  ksi,  IS' , . and  13  to 
•IS' 1 , res|H’etively . All  data  are  shown  in  'I’ahle  4, 

Three  notehed  rupture  s|a’eimens  (K,  3. SI  were  loaded  at  170  ksi  and  run  tor  hr  without 
failure  The  BT'NTK  data  an’  reeorded  in  Table 

Two  ereep  sjieeimens  were  loaded  to  3,^  ksi  at  0>'’'ll"K,  Both  s|H’eimens  met  the  P\N  .‘\  1201* 
siM’eitieat ion  sinee  plastie  deformation  had  not  reaehed  0.1'  , after  3.^  hr  of  testing  in  eaeh  ease 
t'n’ep  dai^  are  reiurdeil  in  Table  0. 

Melallonraphie  examination  of  the  alpha  Iw’ta  prinessed  forKinn  revealed  I’niiiaxed  alpha  in 
a transformed  beta  matrix  (Kigure  31  'The  mierostruetun'  is  tvpieal  of  aliiha  heta  proeessed 
T’i  0 2 4 2 alloy  in  the  solution  tn’ated  and  aged  eondition 
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Fifiurc  2.  lypical  Micnh^tructurrs  of  Isothi'rmally  lU'la  Forfsvd  Ti-MI-2Sn-f/.r-2Mo 


I'ABl.K  4,  rKNSJl-K  I'HOlWriKS  AIJ’HA  BKI'A 
I’ROrKSSKI)  Ti  (?Al-2Sn-4Zr  JMo  Al.I.OY 
(PWA  1209)  .n'91)  7lh-STA(;K  TOM- 
PRKSSOR  DISK  ^X)R(^lN(;  P/N  2K.744U)7  I 

Hp«t  1,/l’N.  KortiHiK  N*t 


No 

7Vm;vnifi(Pi' 

CFI 

o'j',  ys 

1 lni  1 

i'Ts 

ikal 

F/ 

('ll 

HA 

C'i ) 

1 

Hr 

l.m  H 

l.VJ  4 

17 

17 

;t 

HI' 

l:i;  7 

i:<o  1 

14 

iti 

Hi 

\ 

147  4 

10 

:» 

HI' 

I .Ui  7 

I.M  ft 

II 

14 

H 

HI' 

l.U 

140  7 

1 1 

Mk 

1 

HI' 

i:u 

147  7 

10 

M 

I'WA  l-Htit 

HI' 

l -lt  0 

I.IOO 

10 

70 

H«|iinnn«*nl 

1 

iXHI 

SI  1 

io,ft 

18 

m) 

77  0 

18 

47 

ft 

mHI 

107  0 

18 

4:i 

r> 

(01  4 

18 

i;» 

s 

sum 

77  S 

KHI  S 

18 

14 

( 

7S  0 

101  7 

18 

18 

I’WA 

70  0 

mi  0 

Ift 

;u> 

UtHlviinMuriK 

TABI-K  r>.  ROOM  TKMPKRATl’RK  NDTt'HKD  S'l'RKSS  RI  P 
TURK  (K,  :).8)  PRDI’KRTIKS  OK  ALPHA  BKI'A 
PROUKSSKD  Ti-OAI  2Sn  4Zr  2M.)  ALLOY  (PWA  1209) 
JT9n  7th-STA(;K  ('OMI’RKSSOR  DISK  FOROINO 


I’/N:  7K  744107 

Hi*m  CihIo 

I.ZI'N 

KorKiiiK  Si'rml  Nn  7008 

ft'pci'mii'M 

Stn-ss 

I'lnii' 

No 

1 kill ) 

ihrl 

Ki'marks 

1 

170 

ftO 

0\tl  not  iHil 

'7 

170 

ft  0 

Pul  M«l  iMlI 

170 

ft  0 

Pul  not  181) 

I’WA  I'TOil 
HMioimlirnt 

170 

-ft  0 

Hu|iliin<  Miif  to  <HV\ir  in 
l<>!M>  thmi  ft  hr  mi  170 
kni 

TABLK  6.  CRKKP  PROPKRTIKS  OF  ALPHA  HKTA  I’ROt'KSSKD 
Ti-6AI-2Sn.4Zr-2Mo  ALLOY  (I’WA  120}))  .rD)!)  7lh 
vSTAC.K  COMPRKSSOR  DISK  FOROINO  P/N  2F  744107 

Hwit  ('inic:  I.Zl’N  Kornmn  Sorml  No, 


Sfircimm 

No 

TVmjvrnfurr 

('FI 

Nfri'.H.H 

{ ) 

7>mf 

ihr) 

FI 

(-■M 

•Vi'itliir** 

1 

SftO 

lift 

■70 

IV08 

80 

0 10 

•> 

OftO 

lift 

000 

7^ 

0 10 

84 

0 10 

rWA  I'TOO 

9ft0 

lift 

;vs 

0 10 

Tinn'  lo  0 I'l  I'rtH’n  In 

Hrqnirrniriil 

In'  not  Iriw  lliMM  8ft  hr 

8 


Mag;  500X 

FD  Ma(»2 

Figure  3.  Typical  Microstructure  of  Alpha-Beta  Pro- 
cessed Ti-6-2-4-2  P/N  2F-744107,  LZUN-2003 


SECTION  IV 


SPECIMSNS  AND  SPECIMEN  PREPARATION 


l*revi<Ki!i  ex{)«*ri6nce  showed  that  areas  of  stress  concentrations  such  as  notches  and 
Intltholes  are  the  most  susceptible  to  HSSC.  The  sjiecimen  chosen  for  this  study  is  shown  in 
Figure  4.  This  s|)ecimen,  designed  to  simulate  a typical  disk  bolthole,  has  an  elastic  stress 
ctmeentration  factor  (K,)  of  2. ft.  Specimens  were  machined  to  varying  test  section  thickne.ss  to 
facilitate  the  attainment  of  different  stress  levels  on  a single  series-loaded  multiple  s|M*cimen  test 
assembly. 

I'ne  term  “stress"  as  used  throughout  this  rept>rt  refers  t<»  the  nominal  net  .secliim  stress, 
which  is  defined  as  the  applied  axial  force  divided  by  the  minimum  closs-sect ional  area  through 
the  (Kiithole.  Calculation  of  the  applicable  area  excludes  the  area  occupied  by  the  bolthole.  Kt*r 
local  stress  determinations  inside  the  bolthole,  the  elastic  K,  is  only  applicable  when  this  local 
stress  is  all  elastic.  It  is  recognized  that,  due  to  localized  inelastic  straining,  the  actual  stress  at 
a crack  origin  inside  the  bolthole  is  le-ss  than  the  nominal  stre.ss  multiplied  by  the  elastic  K,.  hut 
greater  than  the  applied  nominal  stress.  However,  liecause  of  the  complex  cycle  configurations 
and  valu  ing  sj»ecimen  thicknes.ses,  it  was  not  |>o.ssihle  within  the  limited  scojh'  of  this  contract  to 
determine  the  true  stre-s-s/applied  load  relationships  for  all  conditions. 

Bolthole  s|)ecimens  for  Phases  1 and  11  were  machined  from  four  beta  prinessed  forgings. 
Phase  n alpha-beta  stiecimens  were  machined  from  a JT^I)  7th-stage  com |>re.s.sor  disk  forging. 
After  machining,  the  sjwcimens  were  dimensionally  and  visually  ins|M'cted  and  the  center  hole 
was  chamfered  by  a butterfly  (xilishing  technique.  Following  this  pnn’ess  the  s|H'cimens  were 
subjected  to  glass  bead  ix^ning  at  an  intensify  of  10  to  12N.  Peening  was  conducted  at  an 
automated  facility  at  Metal  Improvement  Inc.,  Windsor,  ("onnecticxit , After  |H'ening.  the 
specimens  were  washed  in  a .solution  i>f  detergent  and  warm  water,  rinsed  in  hot  deionized  water, 
and  allowed  to  air  dry.  All  sub.sequenf  handling  of  the  s(H*cimens  was  performed  with  surgical  or 
cotton  gloves  to  prevent  salt  contamination  from  handling. 

After  cleaning,  the  s|)ecimens  were  in.strumented  with  fhermtH'ouples  pri»ir  to  salt 
application.  Two  thermiH'ouples  were  tack  welded  opptisite  each  other  inside  the  bolthole  on  the 
load  axis  centerline  of  the  specimen.  Mechanical  stress  at  this  location  is  minimum  in  the 
Isilthole  (axial  stress  = zer«))  and  thermiH’ouple  tack  welds  do  not  inlluence  failure. 

Salt  was  applied  to  test  specimens  by  a techniejue  develojM'd  at  P&WA/Florida,  by  the 
chemistry  section  of  (he  Materials  and  Mechanics  Technoli>gy  laboratories.  In  this  technique  a 
known  quantity  of  simulated  aea-.salt  solution  jicr  ASTM  O- 1141  -h2  was  applied  t»>  a known  area 
inside  and  annind  the  bolthole.  The  saltwater  was  calibrated  in  terms  of  weight  of  chU>ride  ions 
per  metered  dn>p.  The  appmpriate  quantity  of  .saltwater  was  applied  by  metering  a 
predetermined  number  of  dn'ps  onto  a preselected  area  which  included  the  Imlthole  Imre.  A 
saturated  wtxxlen  applicator  was  used  to  uniformly  spread  the  measured  sea-salt  solution  dr»>t>s 
onto  the  area  to  be  covered.  Preheating  the  specimen  |)ermitted  rapid  water  evaixwation  from  the 
salt  solution.  To  determine  salted  area,  measurements  of  salted  surfaces  (except  bolthole  l»ore) 
were  made  fn>m  IX  photographs  rather  than  frmn  the  specimen  to  minimize  .surface 
contamination.  To  ensure  the  pmper  salt  concentration,  a trial  .s|)ecimen  which  was  sailed  at  the 
same  time  as  the  test  specimens  was  washed  with  deionized  water  which  subsequently  was 
analyzed  for  chloride  i«ma  by  a|>ecific  ion  elect r«>de. 
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0.437  to  0.439  DIa  ©f 
Do  Not  Break  Sharp 
Edges  This  Hole  Only 


i 


0.750  to  0.751  Dla 
Ream  or  Bore  Smooth 
(2  Places) 


L 


(4  Places) 

- Surface  Finish  Per  Spec  PWA  351 

- Holes  Must  be  on  Within  0.002  FIR  and  Perp  With  Plane  of  Gage  Section  Within  0.002  FIR 

- Gage  Length  Thickness  Must  be  0.160  • 0.210  for  Drill  and  Bore  of  Hole 

- Gage  Secticm  Must  be  Ground 

- Drill  Hole  27/64  Dia  Thru  Bore  0.437  to  0.439  Dia  One  Pass  600  ± 50  rpm 

Feed  0.002  In/Rev  Cutting  Fluid  PMC  9252  “Broach  Oil"  Boring  Tool  Quill  No.  26791 2-T-47 
Bit  No.  254610-T-2-(»eF 

-Any  Unavoidable  Withdraw  Marks  Must  be  at  Location 


Finurt'  4.  HolthoU'  /,()«’-(’>  r/r  Fatifiut'  Snccimm 


H' 


Salt  concentrations  on  (light  engine  compressor  components  have  ranged  from  as  low  as  0.05 
mg/in.*  to  as  high  as  5 mg/in.'  (Reference  3).  The  salt  concentration  range  selected  for  this 
program  was  0.25  to  2.5  mg^n.'.or  0.12  to  1.2  mg/in.*  of  soluble  chloride.  This  range  is  well  above 
the  concentrations  known  to  cause  HSSC.  The  resultant  salt  layer  is  typical  in  appearance  to 
those  encountered  on  engine  hardware. 

The  instrumented  and  salted  specimens  were  individually  packaged  to  protect  the  test 
section  until  the  specimen  was  assembled  into  a teat  setup. 
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SECTION  V 


r 


EXPERIMENTAL  PROCEDURE 


Testing  accomplished  in  this  program  incor|H)rated  thermal-mechanical  sinuilaled  missitm 
cycles  in  which  both  temperature  and  stress  were  cycled  simultaneously  to  characterize 
Ti-6-2-4-2  HSSC  behavior. 

The  test  procedure  for  this  program  was  altered  from  what  has  come  to  be  the  conventional 
method  of  characterizing  HSSC  l>ehavior.  In  the  conventional  method,  a series  of  s|H‘ciinens. 
loaded  to  different  stre.s.scs  are  exposed  for  a predetermined  ))eri(Kl  of  time  in  an  attempt  to 
bracket  the  threshold  stre.s8.  After  exposure,  all  sjH'cimens  art*  subjected  to  a riHiin  temiH'rature 
loading,  usually  tensile  loading  increased  to  rupture,  to  determine  which  stresses  pr«Kluce  HSSC 
or  embrittlement.  The  threshold  stress  is  established  ns  the  minimum  stress  required  to  pnaluce 
HSSC.  Of  course  there  must  be  at  least  one  (or  more)  stress  cornnled  sj)ecimens  and  at  least  one 
(or  more)  unaffected  specimens  to  establish  (he  threshold  bracket.  Should  the  stress  range 
selected  produce  HSSC  in  all  specimens  or  produce  no  HSSC,  the  threshold  stress  cannot  Ih> 
established. 

The  testing  ovitlined  in  this  contract  lent  itself  well  to  development  of  S-N  curves  (stress  vs 
cycles  to  failure)  used  to  express  fatigue  behavior.  In  the  development  of  S-N  curves,  stresses  are 
selected  to  pnxiuce  failures  over  the  cyclic  life  range  of  interest.  Specimens  are  ins|H'cted 
peruxlically  to  establish  the  life  to  the  first  detectable  crack,  and  from  these  data,  crack  initiation 
S-N  curves  are  plotted.  It  is  felt  that  this  approach  offers  the  following  advantages  over  the 
conventional  crack/no  crack  threshold  stress  method. 

• Estimates  of  HSSC  threshold  stresses  are  possible  for  a wide  range  of 
exposure  time  using  the  same  number  of  siiecimens  which  would  be  retpiired 
to  establish  the  threshold  stress  for  one  exposure  time  by  the  conventional 
techniques.  Estimates  of  crack  initiation  lives  over  a range  of  stresses  are  also 
possible  using  the  same  data  base. 

• Crack  initiation  life  curves  do  not  require  both  stre.ss  corroded  and  unaffected 
tests  to  draw  meaningful  conclusions. 

• Crack  initiation  curves  provide  a more  useful  to<i|  for  the  design  engineer  to 
predict  component  service  life. 

• Cyclic  HSSC  behavior  can  be  expressed  in  terms  of  cumulative  numln'r  ot 
cycles  (analogous  with  number  of  flight  missions)  as  well  as  in  conventional 
terms  of  threshold  stress  for  exjrosure  time. 

• Crack  initiation  curves  can  be  compared  with  future  unsalte<(  tiasel'ne  low- 

cycle  fatigue  data  to  establish  stress  cornwion  degradation  and  to  establish  I 

the  groundwork  for  development  of  LCF/HSSC  interaction  relationships. 

In  Phase  I of  the  program,  beta  prwessed  material  was  subjected  to  eight  different  complex 
mission  cycles  all  with  a maximum  (simulated  takeoff)  temperature  of  950'’F.  The  object  of  ’ 

Phase  I testing  was  to  identify  those  comixments  of  the  flight  cycle  (i.e..  idle,  takeofl'. 
climb/cruise,  and  shutdown)  which  influence  HSSC  of  Ti-6-2-4-2.  Phase  II  evaluated  t he  effect  <)f 
varying  microstructure  (beta  vs  alpha-beta)  and  takeoff  terntwrature  on  HSSC  crack  initiation. 

All  specimens  were  tested  to  failure  except  in  a few  cases  where  life  extended  beyond  that  | 

anticipated.  Some  specimens  were  discontinued  in  order  to  accomplish  all  testing  within  the  | 
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schedule  of  the  contract.  Due  to  the  larite  number  of  cycles  evaluated  and  the  limited  number  of 
data  points  per  curve,  it  was  not  possible  to  generate  statistically  substantiated  life  curves. 
However,  rudimentary  S-N  curves  were  developed  which  are  adequate  to  demonstrate  the  effect 
of  each  simulated  flight  cycle  on  HSSC  crack  initiation. 

PHASE  I 

Testing  in  Phase  I was  confined  to  the  beta  processed  material.  The  eight  simulated  flight 
cycles  used  are  illustrated  in  Figures  5 through  9.  Each  temperature/stress  profile  (see  Section  IV 
for  discussion  of  specimen  stress)  indicates  the  variation  of  those  parameters  with  time  for  each 
cycle. 

Basic  Cycle  (Takaoff/Shutdown) 

The  Basic  Cycle  consisted  of  5 min  at  takeoff  temperature  and  stress  followed  by  5 min  at 
shutdown  (ambient  temperature/no  load)  as  shown  in  Figure  5.  All  other  cycles  were 
modifications  of  this  cycle. 

Cycle  II  (Cyclic  Takeoff  Stress/Constant  Takeoff  Temperature) 

Cycle  II  was  a BSO’F  isothermal  cycle  consisting  of  5 min  at  takeoff  stress  and  15  min 
shutdown  (Figure  6). 

Cycle  III  (Takaoff;8hutdown)  Resalting  Effect 

The  Cycle  HI  temperature/stress  profile  is  the  same  as  the  Basic  Cycle  (Figure  5).  A periodic 
resalting  was  incorporated  for  comparison  with  the  single  salt  application  of  the  Basic  Cycle  to 
determine  the  effect  of  salt  application  frequency. 

Cycle  lllb  (Extended  Takeoff/Shutdown) 

Cycle  mb,  shown  in  Figure  5,  was  similar  to  the  Basic  Cycle,  but  with  the  takeoff  duration 
increased  from  5 min  to  15  min  to  evaluate  the  effect  of  a prolonged  takeoff  condition. 

Cycle  V (ldle/Takeoff/8hutdown) 

Cycle  V consisted  of  the  addition  of  a 10-min,  300°F,  low  stress  idle  dwell  to  the  Basic  Cycle 
(Figure  7).  The  idle  stress  was  established  as  ST.S'r  of  the  takeoff  stress  for  each  cycle. 

Cycle  VI  (ldle/Takeoff/Crulse/8hutdown) 

Cycle  VI  (Figure  8)  consisted  of  the  addition  of  a 30-min,  850°F,  cruise  dwell  to  the  Cycle 
V configuration  following  the  5-min  takeoff  dwell.  The  cruise  stress  was  established  as  91‘’c'  of  the 
takeoff  stress. 

Cycle  VII  (Idlerrakeoff/Reducad  Cnilee/Shutdown) 

Cycle  Vn  was  similar  to  Cycle  VI  with  the  30-min  cruise  reduced  to  15  min  (Figure  8). 

Cycle  VIII  (Tekeoff/Hot  Shutdown) 

Cycle  Vm,  shown  in  Figure  9,  was  similar  to  the  Basic  Cycle,  the  ambient  temperature^o 
load  shutdown  dwell  being  replaced  by  a 15-min,  200'’F,  low  stress  shutdown  dwell.  The  Cycle 
vm  shutdown  stress  was  established  as  37.5‘t'  of  the  takeoff  stress.  The  200®F  shutdown  dwell 
was  incorporated  to  simulate  a short  stop  between  flights  when  the  heat  soak-back  on  shutoff 
maintains  some  intermediate  temperature  until  the  next  takeoff. 
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Temperature  - 


1^  one  Cycle  ^ | 
•Note;  Cycle  lllb  Has 
15  mm  Hold  at  950‘'F 


Figure  5.  Basic  Cycle,  Cycle  III  (Resalt),  and  Cycle  lllb 
Stress-Temperature  Cycle  Simulation 


— Takeoff  Plus  Shutdown  Dwell 


Figure  6.  Cycle  ll  — Takeoff  Cyclic  Stress-Constant  Temperature  Test 


Stress 


Temperature  - 


hflurf  9 Cycle  VllI  — Takeoff  Plus  Hut  Shutdown  Dwell  Stress-Teriperature  Cycle 
Simulation 


PHASE  II 

Phase  11  testint;  was  carried  out  on  both  beta  and  alpha-l>eta  materials  at  various  simulated 
takeofl  temperatures  to  assess  the  effects  of  micnwtructure  and  temfieraturt'  on  cyclic  HSSC 
behavior.  From  the  results  of  Phase  I testing  Cycle  VII  (Figure  d)  was  selected  as  the  test  cycle 
for  all  Phase  II  testing. 

Beta  priH-essed  material  was  tested  at  WXI  and  lUXf°F  simulated  takeoff  tenuH-ratures  for 
comiwrison  with  the  abtf^F  Cycle  Vll  tests  of  that  material  during  Phase  1. 

Alpha-beta  prtH’essed  material  was  tested  at  800  and  OSO^F  takeotY  teintx-ratures  for 
comparison  with  beta  material  tested  at  those  temperatures. 

TiMrmal-McchanIcal  Tasting 

Testing  under  this  pmgram  was  accomplished  on  three  programmable  servohydravilic. 
closed  liHip,  tbermal-mechanical  LCF  machines  as  shown  in  Figures  10.  11,  and  12.  Two 
specimens  were  series  hvided  in  each  machine.  Specimens  were  machined  to  four  different  gage 
thicknesses  s»>  that  stress  differences  of  up  to  15  ksi  between  two  sfx*cimens  could  be  achieved 
with  a common  load.  All  specimens  were  periodically  inspected  visually  using  a telemicnvscojie. 
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Testing  was  (iiscontiiuien  as  sts>n  as  a visihle  I'raik  was  di’tt'rttHl.  Ai'iuislu'  (‘mission  was 
siu'cessfiillv  utili/fd  on  this  pro^tram  I'nfortimatcly,  fiiiiipmciit  was  not  availahit'  for  all  of  the 
program,  Init  on  those  tests  on  which  it  was  emploveil,  it  freipiently  signaled  im|>*‘nding  failure 
before  a crack  was  visible.  Figure  l.'t  shows  the  acoustic  emission  history  of  such  a lest . S|M‘cimt  iis 
were  heated  by  two  programmable  induction  heaters  on  the  first  and  second  facility  (Figure  H) 
and  by  radiation  from  infrared  quart/  lamps  on  the  third  machine  (Figure  Ifi). 

Post-test  analysis  consisted  of;  (1)  determination  of  remaining  chloride  concentration.  (21 
tensile  fracture  of  the  siH'cimen  to  expose  the  HSS('  fracture  face,  and  (111  scanning  electron 
microscope  (SKM)  fractographic  analysis  of  the  tlSS('  (racture  face. 
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SECTION  VI 
TEST  RESULTS 


PHASE  I 

Phase  1 testing  of  beta  processed  Ti-6-2-4-2  material  established  the  eyelie  HSSP 
eharaeteristies  for  eight  different  thermal-meehanieal  eyele  configurations  using  a simulated 
takeoff  tem|H-rature  of  950"F.  Results  of  Phase  I testing  are  presented  in  Table  7 and  in  Figures 
Iti  and  17.  Figure  It?  shows  cyclic  HSSr  crack  initiation  life  versus  takeolT  (maximum)  stress  for 
each  cycle  configuration  tested.  Figure  17  presents  the  same  data  as  a function  of  accumulated 
time  at  takeoff  temj)erature,  or  9fi()‘’F  threshold  stresses  of  each  flight  cycle.  These  curves  allow 
a direct  comparison  of  cyclic  data  with  previously  established  sta4ic-load  minibolthole  data 
(Reference  (>). 

Tests  performed  at  a constant  9fiO®F  temjH'rature  and  a r>-min  on/lfi  min  off  stress  cycle 
(('ycle  ID  exhibited  higher  UX)  hr  threshold  stress  (cumulative  test  time  at  t).'S()‘’F)  than  i)reviously 
established  (Reference  6)  statically-stressed  minibolthole  sj)ecimens.  'I'hese  data  tend  to  conflrm 
observations  by  other  investigators  (Reference  T))  that  alternating  either  stress  or  tem|H>rature 
causes  increases  in  threshold  stress.  Simultaneous  cycling  of  stress  and  tem|M>rature  by  the  Basic 
('ycle  schedule  (5- min  takeoff  t 5-min  shutdown  dwell)  resulted  in  a twofold  increase,  compared 
to  ('ycle  II  (Figure  16),  in  the  stress  recpiired  to  produce  cracking  at  a given  crack  initiation  life. 
Basic  ('ycle  l(X)-hr  threshold  stress  was  approximately  2.5  times  that  of  the  static-stress 
miniboltholes  as  shown  in  Figure  17.  This  takeoff  plus  shutdown  dwell  simulation  was  the 
simplest  thermal-mechanical  cycle  tested,  and  pnxluced  the  greate.st  observed  increase  in  crack 
initiation  life. 

F'xtension  of  the  Basic  Cycle  takeoff  dwell  time  from  5 tt>  15  min  (('ycle  Illb)  resulted  in  a 
decrease  in  initiation  life  compared  to  the  Basic  Cycle.  However,  threshold  str»>ss  remained  well 
above  btith  cyclic-load  and  .static-load  i.sothermal  threshold  stres,ses  (Figure  17). 

The  addition  of  the  simulated  idle  and  cruise  com|)onents  to  the  Basic  ('ycle  (('ycles  \'.  VI, 
and  VII)  prixluced  no  improvement  in  the  Basic  ('ycle  crack  initiation  life.  Rather,  based  on  the 
limited  data,  the  addition  of  the  other  flight -cycle  components  might  have  resulted  in  a slight 
reduction  in  life. 

Testing  was  performed  to  evaluate  the  effect  of  resalting  on  the  HSS('  characteristics  of  the 
Basic  ('ycle.  Cycle  III  testing  consisted  of  a stress/temperature  dwell  time  profile  which  was 
identical  with  the  Basic  Cycle,  and  incorporated  a (H'riodic  resalting  at  predetermined  intervals, 
('ycle  III  results  showed  that  resalting  five  times  produced  no  significant  elTect  on  Basic  ('ycle 
HSSC  crack  initiation  life  at  45  ksi.  Resalting  once  at  a higher  stress  level  of  ,55  ksi  produced  a 
(lossible  reduction  in  life.  However,  only  two  data  (xiints  were  u.sed  to  define  the  ('ycle  III  crack 
initiation  curves,  and  the  apparent  fduction  in  life  could  be  attributed  to  normal  data  scatter. 

The  effect  of  a simulated  hot  shutdown  dwell  was  investigated  using  ('ycle  Vlll.  which 
consisted  of  a 5-min  dwell  at  takeoff  tem|M'rature  (OfiO^F)  and  stress  followed  by  a 15-min  dwell 
at  reduced  temperature  (2(X)'’F)  and  stress.  This  hot  shutdown  dwell  com|>onent  was  for 
simulation  of  a short  stop  between  flights  where  the  heat  soak-back  during  shutdown  maintains 
some  intermediate  temj)erature.  The  hot  shutdown  dwell  had  im  significant  effect  on  the  Basic 
Cycle  crack  initiation  life. 
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TABLE  7.  PHASE  I HSSC  TEST  RESULTS  FOR  BETA-PROCESSED  Ti-6-2-4-2  BOLTHOLE  SPEC- 
IMENS  SUBJECTED  TO  VARIOUS  MISSION  CYCLES  AT  SfiO-F  TAKEOFF  TEM- 
PERATURE 


Purolion  of  Tett 


Cycle 

Type 

Ttmpemturr/Strru 

Profile 

Specimen 

No. 

Slreu  — 

. No.  of 
Cycles 

Cum  hr 
at  960°F 

Hrmarkf 
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'('nmplete  failure  occurred  at  f<00  cycles.  Initiation  life  is  not  known  HSSC  was  indicated 

•Cycle  V’lll  20t)°F  shutdown  stress  - 97.5''.  of  takeoff  imasimum)  stress 
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Figure  17.  Phase  I 96()°F  HSSC  Threshold  .Stresses 


PHASE  II 

By  mutual  aKrwment  between  AFML  and  P&W A/Florida,  it  was  felt  that  the  Phase  II  test 
cycle  should  include  each  comp«ment  of  the  simulated  flight  cycle  as  in  ('ycles  VI  and  \'II.  Since 
Cycle  VII,  Fixture  8.  indicated  slightly  higher  t hreshold  stress,  it  was  selected  for  Phase  II  testing. 

The  beta  pnwessed  material  was  tested  at  simulated  takeoff  tem|>eratures  of  8(X)  and 
ll(X>'’F.  These  data  combined  with  the  i)fiO°F  data  of  Phase  1 provide  insight  into  the  effect  of 
temperature  on  the  HSSC  behavior  of  the  material.  Figure  18  shows  the  resulting  KXl-hr 
threshold  stress  curve  plotted  with  the  previously  generated  1(X)  hr.  static  stre.ss,  miniholthole 
data. 


Alpha-lreta  priu'essed  material  was  evaluated  at  8tXl  and  950°F  maximum  tem|H>ratures  for 
comparison  with  the  beta  pmcessed  material  at  those  temperatures. 

All  Phase  II  test  results  are  pre.sented  in  Table  8 and  in  Figures  18.  U).  and  20.  Figures  19 
and  20  include  the  Phase  1 Cycle  VII  beta  material  data  for  comparison. 

Testing  of  the  beta  processed  material  at  StXCF  takeoff  tem|)erature  resulted  in 
substantially  increased  stresses  to  produce  cracking  compared  to  the  9r>0‘’F  beta  material  of 
Phase  I.  Figures  19and  20 show  that  the  required  stress  increased  by  approximately  50'  > , with  the 
8tXl‘’F  curve  closely  i)aralleling  the  OSO^F  curve. 

The  beta  material  tests  at  I KKCF  takeoff  tem|)erature  resulted  in  a reduction  in  threshold 
stresses  of  approximately  25'';  from  the  950°F  levels,  again  producing  a curve  parallel  to  the 
950"  F curve. 

The  alpha-l>eta  material  consisted  of  equiaxed  primar>’  alpha  in  a transformed  beta  matrix. 
It  was  anticiiMted  from  Gray’s  investigation  (Reference  7)  that  this  material  would  show  InOter 
resistance  to  HSSC  than  the  beta  material  which  was  processed  aliove  the  beta  transus  and 
consisted  of  a larger  grained  acicular  transformed  beta  structure.  The  anticipated  resvilts  wert> 
confirmed  at  StXP’F.  As  shown  in  Figures  19  and  20.  the  alpha-lreta  material  did  show  increased 
crack  initiation  life  and  threshold  stress  at  that  temi^erature.  However,  at  oriO^F.  although  the 
aipha-beta  material  may  still  show  a slight  advantage,  the  difference  between  the  two  materials 
is  not  so  dramatic. 

One  of  the  most  puzzling  results  of  the  testing  is  the  occasional  occurrence  of  s|iecimens 
which  exhibited  cracking  predominantly  in  the  chamfer  at  the  edge  of  the  bolthole  and  into  the 
salted  face  of  the  specimen  with  little  or  no  cracks  in  the  bore  itself.  This  phenomenon  is  shown 
in  Figure  21.  Such  out-of-bore  cracking  is  surprising  because  the  notch  factor  (K,  = 2.51  offered  by 
the  bolthole  should  prj>duce  a maximum  Iwal  elastic  equivalent  stress  in  the  bore  2. .5  times  the 
nominal  stress.  It  is  recognized  that  the  material  in  the  bore  will  yield  long  In'fore  reaching  such 
a stress.  However,  a rotim  temperature  strain  gage  survey  with  80  ksi  maximum  nominal  cyclic 
stress  showed  a hore-fo-face  cyclic  strain  ratio  of  approximately  1.87.  It  would  l)e  exjx'cted  that 
such  a strain  ratio  would  produce  consistent  bore  failures  which,  in  fact,  was  the  case  through  all 
the  Phase  I testing  and  the  950® F tests  of  Phase  11.  However,  the  high  strain  testing  in  both  the 
800  and  II00®F  tests  pnxluced  HSSC  origins  predominantly  in  (he  chamfer  or  the  face  of  the 
specimen.  Figure  22  shows  comparative  fracture  faces  of  specimens  which  failed  in  the  bore  and 
those  that  failed  in  the  specimen  face.  Generally  the  out-of-bore  failures  occurred  in  high  strain 
testing  at  800  and  1100®F.  In  800°F  testing,  the  phenomenon  was  more  pronounced  in  the  lieta 
material.  Of  the  three  specimens  tested  at  1UX)®F,  one  did  not  fail  (the  lowest  strninedl  and  the 
other  two  exhibited  much  more  cracking  in  the  face  than  in  the  bore. 
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TABLES.  PHASE  D HSSC  TEST  RESULTS  FOR  Ti-6-2-4-2 
BOLTHOLE  SPECIMENS  SUBJECTED  TO  CYCLE  VD 
TEST  CONDITIONS 


Takeo/f  Conditions 

Duration  of  Test 

Specimen 

No. 

Structure 

Temperature 

CF) 

Stress 

(ksi) 

No.  of 
Cycles 

Cum  Time 
at  Takeoff 
(hr) 

Remarks 

5768 

beta 

800 

63.0 

1,268 

106.7 

HSSC  cracks 

5747 

beta 

800 

70.0 

932 

77.7 

HSSC  cracks 

5742 

beta 

800 

77.6 

201 

16.7 

HSSC  cracks 

5784 

beta 

1100 

29.0 

1.730 

144.2 

No  cracks 

5746 

beta 

1100 

36.0 

328 

27.3 

HSSC  cracks 

5735 

beta 

1100 

40.0 

259 

21.6 

HSSC  cracks 

5775 

alpha-beta 

800 

71.0 

675 

56.2 

HSSC  cracks' 

5791 

alpha-beta 

800 

80.0 

772 

64.3 

HSSC  cracks' 

5743 

alpha-beta 

800 

86.0 

301 

25.1 

HSSC  cracks' 

5744 

alpha-beta 

800 

86.0 

340 

28.3 

HSSC  cracks' 

5776 

alpha-beta 

960 

45.0 

1,284 

107.0 

HSSC  cracks 

5759 

alpha-beta 

950 

66.0 

887 

73.9 

No  cracks 

5792 

alpha-beta 

960 

61.0 

26 

2.2 

HSSC  cracks 

'Cleavage  initiationa  were  extremely  shallow  ( 
fatigue. 

-0.001  in.l 

1 with  crack  progression  b 

'Cleavage  initiations  were  shallow 
fatigue/rleavage  combination. 

(-0.006 

in.)  with 

crack  propagation  by 

Temperature  - °F 


FI>  IWWl 


Figure  18. 


Ti-6-2-4-2  Hot  Salt  Stress  Corrosion  100-Hour 
Threshold  Stress  Curves 
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Initintion  Curien 


Mag.  «X  m n-Nsu 


Figurv  21.  I'hasv  U Beta  IWH’tvsed  Ti-6-2-4-2  Bolthole  Specimen  So. 

5746  Tested  at  n(X)^F/H6  ksi  Takeoff  Conditions.  Sote 
Multiple  Face  Cracks  and  Absence  of  Cracks  in  Bore 


The  reason  for  the  phenomenon  is  still  unclear.  Perhaps  the  hitfh  strain  inside  the  bore 
caused  the  salt  to  mechanically  spall,  separate  fmm  the  specimen,  and  fall  away  leavkni;  the  still- 
salted  face  to  be  attacked  by  HSSC.  Post-test  SEM  microprt'be  analyses  offer  some  sup(x>rt  for 
such  a theory.  Chloride  concentrations  were  measured  on  three  8j>ecimens  which  were  tested  at 
tkXPF.  The  analyses  showed  definite  chloride  remaining  in  the  btw  of  the  lowest  strained 
specimen  of  the  beta  material.  This  specimen  did  exhibit  a normal  bore  failure.  Similar  anaK'ses 
of  a 77.5  ksi  stressed  beta  specimen  and  an  Hf>  ksi  stressed  alpha-beta  stH*cimen  showed  the 
presence  of  chloride  on  the  face  adjacent  to  the  bt'lthole.  bvit  the  levels  inside  the  Imre  were  l>elow 
the  detection  limits  of  the  mictvpmbe.  Both  of  these  strecimens  had  predominant  face  cracking. 
Recognizing  that  this  explanation  is  not  without  limitation,  this  phe!u>menon  might  be  a subject 
for  future  investigations. 
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FRACTOQRAPHIC  ANALYSIS 


The  fracture  morpholog>’  of  the  failed  specimens  in  this  program  were  generally 
characterized  by  three  steps;  (1)  corrosion-pnxluced  intergranular  crack  initiation,  (2)  cleavage- 
type  propagation,  and  (3)  dimple  rupture  resulting  from  the  nxmi  tenifierature  tensile  rupture  of 
the  specimen.  The  SKM  analysis  of  one  specimen  was  particularly  useful  in  demonstrating 
various  features  of  the  fracture  morphology  produced  hy  this  program.  The  specimen  was  No. 
5782,  subjected  to  the  Cycle  II  test  conditions.  This  particular  specimen  was  unique  in  that  the 
testing  was  continued  for  321  cycles  after  crack  initiation  was  detected  at  which  point  it  was 
tensile  ruptured  at  rixim  temperature. 

Figure  23  shows  an  overall  view  of  the  fracture  face  with  Iwations  of  subsequent 
morphological  features  indicated.  Figures  24  through  29  show;  (1)  cornision  products  of  HSSC 
crack  initiation  — Figure  24,  (2)  brittle  cleavage  propagation  — Figure  25,  (3)  transition  between 
cleavage  mixle  and  fatigue  — Figure  26,  (4)  fatigue  propagation  Figures  27  and  28,  and  (5) 
dimple  rupture  — Figure  29.  An  SEM  microprobe  analysis  (Table  9)  shows  chloride 
concentration  by  weight-percent  at  the  various  locations  shown  in  Figures  24  through  27. 

In  a few  cases,  SEM  analysis  showed  “islands”  of  fatigue  within  the  brittle  cleavage-type 
fracture  zone.  Figure  30  shows  one  example.  This  phenomenon  is  particularly  interesting  because 
it  implies  that  during  the  course  of  the  test,  the  rapid,  brittje,  cleavage-type  propagation  was 
arrested  only  to  be  resumed  again  after  a period  of  relatively  slow  propagation  of  the  crack  by 
fatigue. 

B.  F.  Brown  (Reference  8)  relates  instances  of  having  seen  similar  "islands”  of  dimple 
rupture  morpholog>-  amidst  cleavage  zones  in  fracture  faces  of  statically  loaded  salt  stress 
cornwion  specimens.  Briefly,  his  explanation  states; 

There  appears  to  be  a threshold  stress  intensity  for  a given  material.^corrodant 
system  below  which  HSSC  is  not  observed.  This  has  come  to  be  known  as  Kisc,-. 

Crack  initiation  is  induced  by  corrosion.  As  the  stress  intensity  increases  above 
Kisii  • given  the  other  conditions  necessar>-  for  HSSC,  fracture  is  almost  entirely 
cleavage.  Should  the  stress  corrosion  mechanism  he  interrupted,  the  stress 
intensity  will  increase  and  approach  Ki,  producing  areas  of  dimple  rupture. 
Assuming  the  conditions  for  HSSC  are  restored,  the  cleavage  mtxle  of 
pmpagation  is  continued.  “Thus  the  overall  cracking  process  is  a dual  one  in 
which  a mechanochemical  fracturing  process  is  interspersed  with  islands  of 
purely  mechanical  fracturing.” 

There  has  been  some  question  concerning  the  conditions  under  which  the  cleavage  zone  is 
produced.  Mahoney  and  Tetelman  (Reference  9)  have  suggested  that  the  absence  of  corrosion 
products  in  the  cleavage  zone  indicates  that  the  cleavage  (Kcurred  during  the  ambient 
temperature  rupture  of  the  specimen  required  to  reveal  the  fracture  face.  However,  the  areas  of 
fatigue  surrounded  by  cleavage,  produced  in  this  program,  prove  that  the  cleavage  fracture 
morphology  is  a result  of  the  elevated  temperature  cyclic  loading  part  of  the  test. 

Typical  HSSC  damage  penetration  measurements  for  the  various  Phase  I thermal- 
mechanical  cycles  tested  are  compared  in  Figure  31.  The  deejiest  corrosion  penetration  was 
observed  on  a high  stress  (55  ksi)  Cycle  Illb  extended  dwell  specimen,  which  also  exhibited  the 
lowest  crack  initiation  life  (19  cycles).  Corrosion  penetration  for  Cycle  Illb  at  lower  stress  was 
comparable  to  other  cycles. 

The  SEM  examination  of  fracture  surfaces  of  Phase  11  beta  specimens  showed,  as  in 
Phase  I,  a predominance  of  cleavage  at  the  origins.  Typical  fracture  origins  of  beta  material, 
tested  at  800  and  1100°F  takeoff  temperatures,  are  shown  in  Figure  32.  Depth  of  cleavage 
penetrations  ranged  from  0.015  to  0.030  in.  These  cleavage  fracture  features  were  similar  to  those 
of  the  950‘‘F  Phase  1 tests. 
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TABLES.  CHLORINE  CONCENTRATIONS  AT  VARIOUS 
CRACK  PENETRATION  DEPTHS  FOR  Ti-6-2-4.2 
SPECIMEN  NO.  6782  AFTER  636  CYCLES  (211.7  hr) 
UNDER  CYCLE  n CONDITIONS 


(’roc* 

Weight 

/Vnefration  Depth 

Chloride 

Fracture  Surface 

(in.)- 

C^) 

Detcription 

0 

1.0.1 

Corroaion  Producta  and  Cleavaiie 

0.010 

0.96 

(FiKUre  24) 

0.020 

0.21 

Cleavaite  (Figure  26) 

0.010 

0.16 

0.040 

0.12 

CleavaKe/Fatigue  Tranaitinn 

O.OfiO 

0.10 

(Figure  26) 

0.060 

0.07 

0,070 

0,06 

Fatigue  (Figure  27) 

i 0.060 

1 

0.06 

• Depth  of  creek  penetration  measurementa  were  from  a aection  taken 
at  the  center  of  the  apecimen  thickneaa. 


Alpha-beta  material  tested  at  950®F  also  displayed  cleavage  morphology  near  the  fracture 
origin.  However,  this  feature  of  the  smaller  grained  material  is  not  as  distinctive  as  with  the  beta- 
pnx'essed  material.  The  SEM  micrographs  in  Figures  33  and  34  indicate  the  similarity  between 
cleavage  and  dimple  rupture.  Cleavage  crack  penetration  depths  of  0.015  to  0.020  in.  were 
»>h8erved. 

The  observation  from  cyclic  HSSC  test  results  that  alpha-beta  material  shows  better 
resistance  to  HSSC  than  beta  material  at  800“F  is  supported  by  SEM  comparisons  of  fracture 
surfaces  of  the  two  microstructures.  Figure  35  shows  relative  penetrations  of  cleavage  for  beta  and 
alpha-beta  material  tested  at  8(X)°F  takeoff  temperature.  Figure  ;15A.  a beta  material  fracture 
origin,  clearly  shows  cleavage  vi.sible  at  only  50X  magnification.  The  fracture  morphology  was  all 
cleavage  to  a depth  of  approximately  0.0,30  in.  Cleavage  penetration  in  an  alpha-beta  material 
fracture  (Figure  35B1  was  approximately  0.003  in.  (10‘’r  of  tbe  beta  penetration)  followed  by  a 
combination  cleavage/fatigue  crack  propagation  mode.  Figure  35C. 

CHLORIDE  ION  ANALYSIS 

Initially  in  the  program,  both  pretest  and  post-test  salt  concentrations  were  expressed  in 
terms  of  weight  of  sea  salt  solids  per  unit  area  of  salted  surface.  The  method  of  expressing  salt 
concentration  in  this  manner  was  later  changed  in  favor  of  a direct  expression  of  residual  chloride 
rather  than  total  solids.  This  change  was  instituted  when  it  was  discovered  that  the  previous 
practice  of  converting  residual  chlorides  to  assumed  sea  salt  solids  (by  weight  ratio)  was  not 
accurate  for  post -test  concentrations.  A post-test  quantitative  analysis  for  residual  sodium  on  a 
long-term  Cycle  VI  test  showed  that  most  of  the  sea  salt  solids  remained  on  the  specimen  during 
the  test.  However,  a similar  analysis  for  residual  chloride  on  the  same  specimen  showed  that  a 
severe  depletion  of  water  soluble  chloride  had  occurred  during  the  test.  The  pretest  weight  ratio 
of  soluble  chloride  to  sea  salt  solids  was  substantially  reduced  during  testing,  therefore,  it  was 
unsuitable  for  determining  post-test  concentrations. 

Chloride  concentrations,  as  determined  by  specific  ion  electrode,  were  recorded  prior  to  and 
after  each  test.  These  concentrations  are  presented  in  Tables  10  (Phase  I)  and  11  (Phase  ID.  The 
pretest  concentrations  were  calculated  based  on  measurements  obtained  from  a control  sample 
which  was  salted  at  the  same  time  as  the  test  specimen.  Post-test  chloride  concentration 
measurements  were  obtained  from  specimens  immediately  after  cyclic  testing. 
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TABLE  10.  PHASE  I CHLORTOE  ANALYSES  RESULTS 
FOR  HSSC  TESTING  OF  BETA-FORGED 
Ti-6-2-4-2  BOLTHOLE  SPECIMENS 


Specimen 

No. 

Cycle 

Type 

Maximum 

Stress 

(ksi) 

Duration 
No.  of 
Cycles 

of  Test 
Cum  Hr  . 
at  950°F 

Cloride  Concentration 
(mg/in.V 

Pretest' 

Post-test 

5780 

Basic 

19.0 

1200 

100 

'0.25 

Not  checked 

.5764 

Basic 

32.6 

1200 

100 

'0.25 

Not  checked 

5752 

Basic 

36.5 

1200 

100 

'0.25 

Not  checked 

5732 

Basic 

40.0 

1200 

100 

'0.25 

Not  checked 

5778 

Basic 

40.0 

5625 

469 

•1.1 

•0.04 

.5761 

Basic 

45.0 

1200 

100 

'0.25 

Not  checked 

5750 

Basic 

50.0 

2489 

207 

•1.03 

< «0.03 

.5729 

Basic 

55.0 

1200 

100 

'0.25 

<0.01 

5789 

Basic 

62.2 

144 

12 

0.8 

0.32 

5765 

Basic 

70.0 

52 

4.3 

0.99 

0.41 

5777 

11 

20.0 

300 

100 

'0.25 

Not  checked 

5749 

11 

25.0 

300 

100 

'0.25 

Not  checked 

5786 

n 

25.0 

1145 

381 

0.76 

0.33 

5762 

II 

30.0 

300 

100 

0.24 

<0.01 

,5730 

II 

36.0 

300 

100 

'0.25 

Not  checked 

5782 

II 

40.0 

314 

104.7 

2.32 

0.24 

5790 

III 

45.0 

2880 

40.0 

1.09 

•'0.15 

5758 

III 

55.0 

200 

16,7 

1.14 

•0,87 

5748 

Illb 

40.0 

613 

153 

0.85 

0.31 

.5770 

Illb 

45.0 

152 

38 

0.85 

0.05 

5736 

mb 

55.0 

19 

4.75 

0.99 

0.99 

5783 

V 

40.0 

2362 

196.8 

1.28 

0.04 

5779 

V 

40.0 

1200 

100 

'1.02 

Not  checked 

5763 

V 

45.0 

1200 

100 

'1.02 

Not  checked 

5772 

V 

45.0 

1299 

108.25 

1.32 

0.07 

5751 

V 

50.0 

750 

62.5 

'1.02 

Not  checked 

5731 

V 

55.0 

500 

41.6 

'1.02 

Not  checked 

5733 

V 

55.0 

285 

23.75 

1.18 

0.18 

5787 

VI 

40.0 

1642 

153.25 

1.18 

•0.04 

5767 

VI 

45,0 

1121 

93.4 

1.18 

<0.01 

5753 

VI 

51.0 

219 

18.25 

1.18 

0.08 

5788 

VII 

40.0 

2206 

183.8 

1.09 

0.04 

5745 

VII 

50.0 

544 

45.3 

1.09 

0.07 

5757 

VII 

50.0 

206 

17.2 

1.06 

0.23 

.5738 

VII 

55.0 

424 

35.3 

1.09 

0.10 

5741 

VII 

55.0 

649 

54.0 

1.25 

0.15 

5769 

vin 

45.0 

2583 

215.2 

1.13 

0,04 

5739 

vra 

55.0 

671 

56.0 

0.99 

0,16 

'To  obtain  pretnt  salt  concentration,  multiply  pretest  chloride  by  2.115.  This 
factor  does  not  apply  to  post-test  salt  calculations;  since  the  ratio  of  soluble 
chloride  to  sea  salt  solids  diminishes  with  exposure  time  to  test  conditions. 

'These  chloride  concentrations  are  exhibited  after  washing  and  resalting  at 
1200  cycles.  Initial  pretest  concentration  was  ^0.25  mg/in.'  for  both  specimens 
and  was  not  checked  at  1200  cycles. 

'Specimen  resalted  5 times  during  test. 

'Specimen  lesalted  once  during  test. 

• Washed  and  resalted  at  1642  cycles  to  1.13  mg  Cl  ‘Am.'  Test  then  continued  to 
crack  at  1839  cycles.  Post-test  analysis  after  crack  showed  0.10  mg  Cl '/in.' 


TABLE  11.  PHASE  II  CHLORIDE  A'NALYSES  RESULTS  FOR  HSSC  TES- 
TING OF  Ti-6-2-4-2  BOLTHOLE  SPECIMENS  UNDER  CYCLE 
Vn  CONDITIONS 


Maximum  Maximum  l^>*ration  of  Text  Chloride  Concentration 
Specimen  Temperature  Stress  No.  of  Cum  hr  Img/in.  ) 


No. 

Structure 

l°F) 

IksiJ 

Cycles 

at  Takeoff 

fVetest’ 

Post -test 

5768 

beta 

800 

63.0 

1268 

105.7 

0.94 

0.15 

5747 

beta 

800 

70.0 

932 

77.7 

0.85 

0.04 

5742 

beta 

800 

77.5 

201 

16.7 

1.24 

0,18 

5784 

beta 

1100 

29.0 

1730 

144.2 

0.94 

0.04 

5746 

beta 

1100 

36.0 

328 

27.3 

1.24 

0.13 

57:»5 

beta 

1100 

40,0 

259 

21.6 

l.(M 

0.05 

5775 

alpha-beta 

800 

71.0 

675 

.56.2 

1.12 

•0.26 

5791 

alpha-beta 

800 

80.0 

772 

64.3 

1.34 

■0.27 

.5743 

alpha-beta 

800 

Ki.O 

:«)i 

2.5.1 

1.21 

Nut  checked 

5744 

alphabets 

800 

85.0 

.340 

28.3 

0.95 

0.15 

5776 

alpha-beta 

950 

45.0 

1284 

107.0 

1..56 

0.03 

57.59 

alpha-beta 

950 

.V5.0 

887 

73  9 

1.04 

0.016 

5792 

alpha-beta 

950 

61.0 

26 

2.2 

1.27 

’0.32 

‘To  obtain  pretest  salt  concentration,  multiply  pretest  chloride  by  '2.11.S.  This  factor  does  not  apply  to 
post-test  salt  calculations,  since  the  ratio  of  soluble  chloride  to  sea  salt  solids  diminishes  with 
exposure  time  to  test  conditions. 

’These  specimens  were  broken  in  tension  at  nxim  temperature  prior  to  the  tx>st-test  chloride  analysis. 
l>ne-half  of  each  broken  specimen  was  submitted  for  analysis  by  specific  ion  electrode. 


SECTION  Vli 


CONCLUSIONS 


Hot  salt  atrens  rorroaion  (HSSC)  threahold  atreaa  for  Ti-6-2-4-2  boltholes  with  iaothermal 
cyclic  loading  ahowed  a aignificant  increaae  over  that  eatahliahed  by  miniholt  hole  iaothermal 
atatic-load  teata. 

HSSC  threahold  atreaaea  for  Ti-6-2-4-2  Iwlt holes  with  simultaneous  stre88/tem|x*rature 
cycling  ahowed  dramatic  increaae  over  those  established  by  iaothermal  cyclic-stress  teats. 

Of  the  thermal -mechanical  cycles  tested,  the  Basic  Cycle  (a  simple  takeotT/shutdown  dwell 
simulation)  showed  the  highest  threahold  stress  and  crack  initiation  life. 

Kxtension  of  the  Basic  Cycle  takeoff  dwell  from  Ti  to  I.*)  min  resulted  in  the  lowest  threshold 
stress  and  cyclic  crack  initiation  life  of  the  thermal-mechanical  cycles  te.sted. 

The  addition  of  various  simulated  idle  and  cruise  comjK)ne:'-*s  to  the  Basic  Cycle  produced  no 
significant  effect  on  threshold  stress  or  cyclic  crack  initiation  life. 

The  hot  shutdown  dwell  (2(K)°FAow -stress)  of  t'ycle  Vlll  pn>d»iced  no  significant  effect  on 
Basic  Cycle  crack  initiation  life. 

Kesalting  had  no  apparent  effect  on  crack  initiation  life. 

Beta  material  Cycle  Vll  crack  initiation  life  was  increased  when  takeoff  tem|)ernture  was 
reduced  from  9S()  to  80l)°F.  There  was  approximately  a .')t)‘'r  increase  in  stresses  to  prcHluce  a 
given  life. 

Beta  material  Cycle  VII  crack  initiation  life  was  reduced  with  increased  takeoff  tein|H*rature 
from  DiiO  to  1100®F.  There  was  approximately  a 2f>''i  decrease  in  strt'sses  produce  a given 
life. 

At  8(K)°F.  the  alpha-beta  material  exhibited  higher  cyclic  crack  initiation  life  than  did  the 
beta  material. 

At  9.')()‘’F,  both  the  beta  processed  and  alpha-lM'ta  material  exhibited  similar  cyclic  crack 
initiation  life. 

Fracture  surfaces  of  alpha-beta  material  siihjected  to  cyclic  thermal-mechanical  testing  at 
(tOtCF  were  characterized  by  shallow  (U.lXll  to  0.005  in.)  cleavage  initiations  followed  by 
fatigue  or  a combination  of  cleavagc/fatigue  crack  propagation. 


SECTION  VIII 


RECOMMENDATIONS 


Studies  made  possible  by  this  contract  have  provided  valuable  insight  int«)  the  nature  of 
cyclic  hot  salt  stress  corrosion  (HSSC)  behavior.  Results  of  the  testing  have  also  suggested  certain 
other  fields  of  investigation  which  would  supplement  these  findings  and  provide  additional 
impetus  toward  development  of  a life  prediction  system  for  engine  com|)onents  o|)erating  in 
HSSC  environments.  A list  of  suggestions  for  further  investigations  is; 

1.  Future  studies  should  be  planned  toe.stablish  degradation  in  crack  initiation 
life  due  to  HSSC.  These  studies  would  require  definition  of  baseline  curves 
from  unsalted  specimens  for  comparison  with  cyclic  HSSC  data.  To  establish 
this  relationship  with  a substantial  degree  of  confidence  it  is  essentia)  that 
sufficient  data  points  be  planned  to  statistically  substantiate  resulting 
curves. 

2.  Since  none  of  the  flight  components  added  to  the  Basic  Cycle  produced  any 
significant  increase  in  the  cyclic  crack  initiation  life,  variations  of  a simple 
takeoff/shutdown  simulation  should  be  adopted  for  further  cyclic  HSSC 
investigations. 

;).  The  standard  strain-control  specimen,  FMI-  95716C  (Figure  .')6),  used  by 
P&WA,  Government  Products  Division  should  be  investigated  as  a possible 
substitute  for  the  bolthole  specimen  in  cyclic  HSSC  life  determinations. 
Strain-control  specimen  data  have  been  shown  to  correlate  with  bolthole 
specimen  results  in  standard  LCF  tests.  It  has  also  been  used  succe.s.-ifully  to 
predict  the  life  of  cyclically- loaded  engine  comiwnents  (disks)  in  the 
laboratory.  The  investigation  of  this  strain-control  specimen  as  a possible 
replacement  for  the  bolthole  specimen  should  include  a strain  survey  of  the 
bolthole  and  parallel  thermal-mechanical  tests  of  both  tyjies  of  specimens 
machined  from  the  same  forging.  Adoption  of  the  strain-control  sjiecimf  n 
would  result  in  a substantial  savings  in  material  for  future  te.sts. 

4.  A minimum  number  of  exploratory  tests  should  be  conducted  to  investigate 
the  possibility  of  a threshold  cyclic  temperature. 

5.  Cyclic  HSSC  incubation  periods  should  be  investigated  by  testing  at  varied 
load  rates  and  dwell  times. 

6.  Several  tests  carried  beyond  the  initiation  stage  indicate  that  at  some  finite 
depth  propagation  due  to  HSSC  was  not  maintained.  It  is  recommended  that 
investigations  be  conducted  to  establi.sh  parameters  affecting  HSSC  crack 
depth. 
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